We develop and validate a new method to diagnose and estimate secondary porosity and absolute permeability of fractured and vuggy carbonate formations based on the numerical simulation of the process of mud-filtrate invasion. The method includes the geological characterization of core laboratory data and their integration with well logs and fluid production measurements. We apply the new method to the interpretation of data acquired in a carbonate reservoir in the Barinas-Apure Basin in southwest Venezuela. The latter reservoir behaves as a triple-porosity petrophysical system which exhibits intercrystalline, intra-crystalline, moldic, vuggy (connected and non-connected) and fractured porosity, all embedded in a tight matrix. Rock-core data and wellbore resistivity images indicate that vugs are the mayor component of secondary porosity while fractures and interconnected vugs account for most of the permeability.
Introduction
Permeability estimation is one of the most important steps of reservoir characterization. Even though there are reliable methods to estimate porosity and fluid saturation, reliable permeability estimation is difficult, especially in carbonate reservoirs. In heterogeneous reservoirs with variable rock composition and petrophysical properties, integration of core measurements and well logs is necessary to predict petrophysical properties in zones with no or scarce core samples. In this study, we estimate permeability via numerical simulation of the process of mud-filtrate invasion that takes place in complex reservoirs with a triple-porosity system (Fig. 1) . In so doing, we numerically simulate dual-laterolog and array-induction resistivity logs to validate the estimation of petrophysical properties. Our method includes the geological characterization of core measurements as well as integration of well logs and production data.
We consider field data acquired in a reservoir located in the Barinas-Apure petroleum basin of southwest Venezuela, which is a prominent hydrocarbon producer in the Borburata field. Facies in this reservoir consist of sandstone, mixed sandstonedolostone, dolostone, pelecypod limestone, foraminiferal limestone-siltstone, and shale. Sedimentological studies describe these facies to represent deposition in a shallow-marine carbonate platform (Kupecz et al., 2000; Méndez, 2002) . The volumetric concentration of each facies varies depending on the zone across the field. One of the most important observations is that the best oil-producing wells are located in zones with large amounts of dolomite, which in turn are associated with an increase of secondary porosity (interconnected vugs and fractures). Compared to previous characterization efforts in the same reservoir (Kupecz et al., 2000) , our preliminary results show that the new method to estimate permeability is reliable in reservoirs with secondary porosity (vugs and fractures). Furthermore, the estimated permeability agrees well with permeability estimated from pressure transient tests (which is believed to be representative of the triple-porosity system). We performed the above estimation with the integration of all available information, thereby reducing uncertainty commonly associated with standard carbonate interpretation methods.
Fig. 1.
Typical distribution of porosity in the "O BOR-2E" reservoir. The rock matrix is very tight, exhibiting porosities from 2 to 10%, whereas matrix permeability varies between 0.01 mD and 100mD. Fig. 2 shows the reservoir "O BOR 2E" in the Borburata field, located in the Barinas-Apure petroleum basin of southwest Venezuela. The field, with a total area of 14 Km² (3459 Acres), includes a group of smaller zones delimited by faults. There are two additional reservoirs in the Borburata field: "Gobernador" and Escandalosa "P." However, the carbonate reservoir accounts for most of the hydrocarbon production of the Borburata field. The field was discovered in 1994 when the well BOR-2E was completed in the "O BOR 2E" reservoir. It displays wide variations of rock composition and petrophysical properties and comprises a triple-porosity system (matrix+vugs+fractures), according to observations and analysis of rockcore measurements and non-conventional well logs. There are other fields that have produced from the "O BOR 2E" reservoir. However, the Borburata field possesses the highest cumulative and contemporary production (Miranda, 2008) . Furthermore, the amount of secondary porosity that exists in the field has not been observed in any other field in the Barinas basin, thereby making it the most attractive field in the entire area. Fig. 2 describes the quality of reservoirs for each field using a color scale from high to low quality (Miranda, 2008) . Fig. 3 shows a structural map of the main reservoir area together with a description of available measurements (Miranda, 2008) .
General Description of the Hydrocarbon Field

Sedimentary Model
Facies in the "O BOR 2E" reservoir are sandstone, mixed sandstone-dolostone, dolostone, pelecypod limestone, foraminiferal limestone-siltstone and shale. Fig. 4 shows results from sedimentological studies that describe these facies as representative of deposition in a shallow-marine carbonate platform (Kupecz et al, 2000; Mendez, 2002 ). This depositional model was also confirmed by a recent study (Omni-PDVSA, 2007), which indicates that the carbonate sediments of the Escandalosa "O" Member predominantly consist of thinly-to thickly-bedded dolostones that were originally deposited as grain-rich to mudrich limestone (e.g., skeletal grainstone and packstone, peloidal packstone and wackestone) on a shallow shelf. The volumetric concentration of each facies varies depending on location across the field. One of the most important observations is that the best oil-producing wells are located in zones with large amounts of dolomite that are also associated with an increase of secondary porosity (interconnected vugs and fractures). According to the stratigraphic column for the "O BOR-2E" reservoir, oil-producing formations belong to the Cenomanian-Turonian Escandalosa formation (Kupecz et al., 2000) . 
Oil Basins
Method of Core-Log Integration
Many interpretation methods are available to estimate permeability; most of them are based on empirical correlations between permeability, porosity, irreducible water saturation, pore throat radius, etc. According to Babadagli and Al-Sami (2004) permeability estimation methods can be grouped into two categories: pore-scale models and field-scale models. Most of the studies at the pore-level were performed on clastic rocks where the grain and pore properties were modeled quantitatively. The application of the latter models to carbonate rocks is moot because of their dependence on pore and grain properties. In general, it is difficult to accurately characterize complex carbonate reservoirs through grain and pore properties (Babadagli and Al-Sami, 2004 Gomaa et al., 2006) to assess their adequacy in the interpretation of the Borburata field. The large variability observed in rock composition and petrophysical properties, coupled with a high degree of spatial heterogeneity, make it necessary to use non-conventional interpretation methods to estimate permeability.
In this work, we first implement a definition of rock types and establish a relationship with the geological model (structural and stratigraphic), facies, and spatial distribution of petrophysical properties. Second, we quantify the influence of mudfiltrate invasion on the spatial distribution of fluids in permeable rocks in the near-wellbore region using petrophysical properties calculated from well logs and core-log integration. The analysis performed in key wells is facilitated by the abundance of information, such as core measurements, non-conventional logs and pressure transient measurements. They enable the comparison of results against data acquired at different scales. Third, results obtained from the first approach are modified with petrophysical properties for the complete system (matrix+vugs+fractures) observed in rock-core measurements and in non-conventional well logs. This approach enables the estimation of secondary porosity (vugs and fractures) and the accurate estimation of permeability in the carbonate reservoir.
Simulation of Mud-Filtrate Invasion in the Key Well
The simplest case of study considers a well (BOR-12) which includes core data and was logged with a DLL tool and drilled with WBM of 33000 ppm salinity. Initial properties of the reservoir in well BOR-12 were calculated with a multi-mineral method (Dewan, 1983; Miranda, 2008) . Subsequently, we applied initial petrophysical values to the base case and numerically simulated resistivity measurements via the procedure described by Salazar et al., (2006) and adapted to DLL measurements. For the numerical simulation, we implemented a Brooks-Corey's model adjusted to rock-core data to describe capillary pressure and relative permeability (Corey, 1994) . 6 shows simulation results based on permeability measured on rock-core measurements (left-hand side panel) and those for the case of permeability estimated from pressure transient measurements (right-hand side panel). Matching of the measured resistivity logs required an increase of both permeability and porosity as indicated in the figure. The increase of porosity is explained by the fact that, according to the interpretation of core data, a massive dolomitization took place in the simulated interval. Sin-sedimentary and diagenetic fractures are also observed in cores as well as a high density of vugs with a wide variety of sizes (micro to megavugs). The main porosity on the simulated depth interval is due to the system of vugs which are also connected to the rest of the porosity included in both matrix and fractures. Fig. 7 shows some of these features on a core sample acquired in well BOR-12. In addition, core inspection indicated a high dolomitization process derived from an arid tidal flat (sabkha) environment (Fig. 6) . This is one of the main flow units in the well. Facies included here exhibit intercrystalline, intracrystalline, moldic and vuggy porosity, as evidenced by the thin sections shown in Fig. 7 . The diameter of the vugs varies from millimeters to centimeters. Previous sedimentological studies (Kupecz et al., 2000; Méndez, 2002) indicate that most of the oil is stored in the afore-described types of porosity and is produced through intercrystalline and intracrystalline porosity and fractures, Previous studies performed on the same core (Corpro, 2000) indicate that fracture permeability is extremely variably, between 500 to 12000 mD. One of the most important conclusions from the Corpro study is that many of the fractures are related to vuggy zones. Aguilera (1995) and Lucia (2007) explain the amount of permeability provided by these fractures and interconnected vugs as well as their effect on total permeability. Improvement of permeability and porosity is due to the fact that fractures and vugs are important components of the storage and flow capacity of reservoirs with double or triple-porosity systems (such as the one under study). Similar results were described by Aguilera (1995) when studying a reservoir with a matrix permeability equal to 1mD which could be associated with an average permeability for the system equal to 14 mD as inferred from presence of vugs with approximate diameters of 0.05 in. Aguilera also described a reservoir with a matrix permeability of 1 mD that could have an average system permeability of 13.51 Darcies as inferred from the presence of 3 fractures, each one 0.01-in wide. intercrystalline porosity contributing to the increase of total porosity and permeability of the petrophysical system. Moldic and vuggy porosity were also observed in this depth interval but are not shown above due to the size of the thin sections.
The permeability estimated with our interpretation method (101.36 mD) agrees well with the permeability estimated from pressure transient measurements (101 mD), which is currently regarded as the best description of permeability of the composite petrophysical system (matrix+vugs+fractures).
Based on the above results, we propose a new interpretation model for the estimation of secondary porosity and permeability, illustrated as follows: Fig. 10 shows a cross-plot of permeability (k, mD) versus porosity ( , %), which includes parametric curves of constant k/ ratios used to explain the results for this particular case of study. The plot considers rock-core measurements corresponding to well BOR-12. We show the average rock properties obtained from rock-core measurements (black circle) used to initialize the simulation. In addition, we show how the presence of fractures, interconnected vugs, intercrystalline and intracrystalline porosity, or a combination of any of these features can cause perturbations of the initial values permeability and porosity (red circles). The plot also shows permeability and porosity values (light blue circle) obtained from the modeling of mud-filtrate invasion and subsequent matching of resistivity logs within the depth interval under consideration. Sandstones with grain size from fine to extremely fine and limolite.
Sandstones with grain size from fine to extremely fine and limolite. Interpretation method developed for the estimation of secondary porosity and permeability. Blue circles identify porosity and permeability obtained from rock-core data (plugs). Black circles identify initial average rock properties obtained from rock-core measurements. Red circles indicate perturbations of initial permeability and porosity due to presence of fractures, interconnected vugs, intercrystalline and intracrystalline porosity, or due to a combination of any of these features. The light blue circle identifies permeability and porosity values estimated from mud-filtrate invasion modeling and resistivity-log matching.
The graphical method described in Fig. 10 indicates that simulation of mud-filtrate invasion and matching of resistivity logs can be used to diagnose and estimate secondary porosity and permeability due to vugs and fractures. Presence of nonconnected vugs would be associated with those cases where major changes of porosity are needed to match resistivity logs via forward modeling. On the other hand, presence of connected vugs and fractures would be estimated for those cases where significant modifications of permeability from the base case would be needed to match resistivity logs. There could also be a combination of both cases (Fig. 10) , as was the case with the present case study.
Mud-Filtrate Invasion Modeling in Well 2
We focus our attention to well BOR-11, which is located 400 m away from BOR-12 ( Fig. 3) and was also logged with a DLL tool and drilled with WBM of the same salinity as in the previous case. Core data were not available for this well. However, non-conventional well logs were available (wellbore resistivity images and sonic logs). We perform petrophysical assessment and subsequently apply initial values of rock petrophysical properties to numerically simulate resistivity logs. Petrophysical properties such as capillary pressure and relative permeability from rock-core measurements are adapted from those of well BOR-12. For the numerical simulation, we consider 4 flow units that are divided into 7 sub-layers to properly capture vertical property changes hence improve simulation results. The simulation grid is the same as that used for well BOR-12. Fig. 11 shows simulation results obtained with permeability estimated from well-log correlations (left-hand side panel) and those for the case of permeability estimated through simulation of the process of mud-filtrate invasion (right-hand side panel). Fig. 11 shows the increase of permeability necessary to secure an acceptable match between simulated and measured apparent resistivities. The same figure shows that in this case the initial estimation of porosity is sufficient to achieve an acceptable agreement between simulated and measured apparent resistivities. , 2000) can be extrapolated to the case of well BOR-11 given that the latter is located within a short distance and is within a zone of similar sedimentological characteristics. Average permeability obtained through simulation of mud-filtrate invasion (134.26 mD) is significantly higher than the average permeability estimated from well-log correlation (6.12 mD) for the depth interval under consideration. Based on the fact that wells BOR-11 and BOR-12 are located in zones with similar geological characteristics (presence of vugs and fractures interconnecting them), we believe that permeability obtained from our simulations is a better representation of for the composite petrophysical system (matrix+vugs+fractures). It is also important to emphasize that well BOR-11 is the best producer in the Borburata field (Miranda, 2008) , with an initial production of approximately 4000 bpd and a current production close to 2000 bpd after more than 9 years. The production of well BOR-11 confirms the high reservoir quality of this zone resulting from fractures and interconnected vugs. Fig. 14 shows results for the case of well BOR-11 using our graphical interpretation model. Once again, the model confirms that perturbations of initial petrophysical properties are a. k=6.12mD b. k=134.26mD
needed to secure a good match between simulated and measured resistivity logs. In this case we only needed to perform perturbations of permeability to secure a good match of resistivity logs. 
Mud-Filtrate Invasion Modeling in Well 3
We now examine well BOR-31, which is located a good distance apart from the two previously-studied wells (3.6 km from well BOR-12, as shown in Fig. 3 ). This well is considered key to our study because of the amount and quality of information available (rock-core measurements and non-conventional well logs), thereby enabling appropriate integration of available data and a more reliable simulation of the process of mud-filtrate invasion in vuggy and fractured reservoirs. The simulation is performed in a similar manner to that of previous cases. Well BOR-31 was logged with a High-Resolution Laterolog Array Tool (HRLA) and drilled with WBM of the same salinity as in previous cases. Moreover, non-conventional well logs acquired in this well (wellbore resistivity images, dipole sonic, 3-arm caliper, and nuclear magnetic resonance) provided confirmation of the perturbations of permeability necessary to secure a good match between simulated and measured resistivity logs. Fig. 15 shows the results obtained from the petrophysical assessment of well BOR-31 based on a multimineral approach (Miranda, 2008) . Subsequently, we simulated the process of mud-filtrate invasion and thereafter the corresponding resistivity logs following the same procedure described in previous cases. We considered 5 flow units that were sub-divided into 12 layers for simulation purposes. We did not have software available to simulate the specific type of resistivity logs acquired in well BOR-31. Instead, we perform the simulations assuming a DLL tool. To that end, we compared the performance properties of HRLA and DLL based on available commercial literature (Schlumberger, 2000). We perform successive perturbations of both permeability and porosity to secure a good match between simulated and measured apparent resistivities. Fig. 17 show the corresponding results. The same figure shows that the match of resistivity logs required a significant increase of permeability with respect to the initial value. In addition, we performed small perturbations of porosity in some layers of this well. The increase of permeability is explained from the interpretation of core data and wellbore resistivity images acquired in well BOR-31. The interpretation of wellbore resistivity images indicates dolomitized facies in the simulated depth interval with presence of vugs as well as partially hydraulically conductive fractures. The vugs and fractures seem to be connected to the matrix, thereby increasing the permeability of the composite petrophysical system. Inspection of core samples confirms the interpretation of wellbore resistivity images. . 18 shows the wellbore resistivity image acquired in well BOR-31 across the same depth interval where we simulated the process of mud-filtrate invasion. We observe presence of dolomitized facies. The image also indicates presence of vugs (blue arrows) and partially-conductive fractures (red arrows). Fig. 19 is an enlarged view of the previous figure where we highlight the presence of vugs (blue arrows) and fractures (red arrows). Fig. 20 shows core photographs taken in the same depth interval. It is important to emphasize that a depth difference exists between log and rock-core measurements. Inspection of core data confirms the presence of dolomitization with vugs (blue arrows) and fractures (red arrows). While some vugs appear to be isolated, integration of core data and wellbore resistivity images indicates that some of the vugs remain interconnected. Interpretation also suggests the presence of secondary porosity and permeability for the simulated interval that could improve the composite permeability and porosity of the petrophysical system. a. k=1.67mD b. k=32.70mD The average permeability estimated for the analyzed depth interval through simulation of mud-filtrate invasion (32.70 mD) is significantly higher than the average permeability of rock-core measurements (1.67 mD). We have already explained the main reasons for such a difference. However, there were layers where we also had to make perturbations of porosity, thereby decreasing the values with respect to those of rock-core measurements. Porosity obtained from our simulation is in better agreement with porosity calculated from well logs (ranging from 4 to 7%). Even though this zone is characterized by the presence of only one rock-fabric class (large crystal dolostones with approximate average size of 300 μm), presence of siltsized quartz grains and clay minerals causes a reduction of effective porosity (Miranda, 2008) . Fig. 21 summarizes the estimated values of permeability and porosity for well BOR-31 using our graphical description method. Results confirm that perturbations of initial petrophysical properties are necessary to secure a good match between simulated and measured apparent resistivities. In the present case, we performed significant perturbations of permeability and minor perturbations of core porosity. Porosity estimated from well logs was in better agreement with that obtained from our interpretation method. This behavior confirms the benefits of simulating the process of mud-filtrate invasion to estimate permeability of vuggy and fractured carbonate reservoirs where presence of fractures and interconnected vugs significantly improves reservoir quality. In the particular case of BOR-31, it was not possible to secure a better match for the separation between shallow-and deep-sensing resistivity curves observed in field data. One reason for the mismatch could be the high heterogeneity detected in core samples as well as the presence of clay minerals in pore throats. On the other hand, our simulation method is somewhat limited by the fact the simulated resistivity curves are not completely equivalent to those used in the acquisition of resistivity logs. Finally, Table 1 
Discussion
Lucia's (2007) interpretation method proposes the estimation of porosity and permeability of non-vuggy carbonate reservoirs with relationships between porosity and permeability for specific particle-size groups. We implemented this approach to our data. In addition, we implemented a definition of rock types based on both rock fabric and critical pore-throat radius using rock-core measurements. We believe that a combination of the previous two approaches permits a better petrophysical characterization of the matrix. However, the two methods did not allow us to quantify porosity and permeability of vugs and fractures. Influence of these components was observed in the permeability of the petrophysical system inferred from pressure-transient tests, where permeability was 24 times (BOR-12) and 146 times (BOR-8) larger than the permeability of rock-core samples. This observation was confirmed with forward modeling of dual-laterolog resistivity logs. Vugs and fractures in the "O BOR 2E" reservoir could cause significant differences between the petrophysical properties obtained with the two approaches.
The previous remarks indicate that simulation of mud-filtrate invasion can be used to diagnose and estimate secondary porosity and permeability due to vugs and fractures via the interpretation method described in Fig. 22 . Presence of nonconnected vugs will be diagnosed in those cases where significant changes of porosity are necessary to match resistivity logs via invasion and resistivity modeling. On the other hand, presence of connected vugs and fractures will be estimated in those 
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cases where significant modifications of permeability are necessary to match resistivity logs. There could also be a combination of both cases (Fig. 22) . Fig. 22 . Proposed interpretation method to diagnose and quantify secondary porosity and permeability. Blue circles represent porosity and permeability obtained from rock-core data or calculated from well-log correlations. Black circles identify the initial average rock properties obtained from rock-core measurements or well-log correlations. Red circles identify perturbations of initial permeability and porosity due to presence of fractures, interconnected vugs, intercrystalline and intracrystalline porosity, or a combination of any of these components. The light blue circle identifies permeability and porosity estimated from the simulation of mud-filtrate invasion and matching of resistivity logs. Orange dashed lines identify changes of initial permeability estimated from the simulation of mud-filtrate invasion process and matching of apparent resistivity logs.
Based on the above observations, we developed and validated an interpretation method to estimate permeability of the entire petrophysical system (matrix, vugs, and fractures). We implemented the method in key wells (rock-core data, pressure tests, conventional, and non-conventional well logs) for testing and calibration. The method assumes that laboratory measurements of rock-core samples are available from a key well. It is also necessary to include wellbore images in the analysis of the key well. In addition, fluid and mud properties must be available not only to secure an acceptable match between simulated and measured resistivity logs but also to reduce uncertainty in the estimation.
Results from our study favor the simulation of mud-filtrate invasion to estimate the permeability of the composite petrophysical system. Despite difficulties and limitations associated with the uncertainty of some simulation parameters, as well as high variations of resistivity due to presence of heterogeneities, the method described in this paper enables the reliable estimation of permeability for fractured and vuggy carbonate reservoirs. Rock-core measurements, pressure-transient tests, and non-conventional well logs such as wellbore images are necessary to calibrate the initial estimation of petrophysical properties in key wells.
The following is an itemized list of sequential steps for the application of the proposed interpretation method based on mudfiltrate invasion modeling:
1. Define rock types from both rock fabric and critical pore-throat radius using rock-core measurements. 2. Identify presence of secondary permeability and porosity due to presence of fractures, interconnected vugs, intercrystalline and intracrystalline porosity, or the combination of any of these components. 8. Progressively make perturbations to the permeability of each layer until securing a match between simulated and measured apparent resistivity curves. 9. In some cases, a perturbation of initial porosity will be necessary to match the measured apparent resistivity due to the presence of vugs or non-connected pore space. 10. Compare the results obtained with permeability estimated from pressure transient measurements and observations of fractures and vugs from core analysis and wellbore images. 11. The final estimates of layer permeability and porosity will be obtained when securing a good match between simulated and measured apparent resistivities within the depth interval of study.
Summary and Conclusions
We developed and successfully tested a new method to diagnose and quantify fractured and vuggy carbonate formations via the simulation of the process of mud-filtrate invasion. The method was applied to a set of three wells drilled in a carbonate reservoir in the Escandalosa formation of southwest Venezuela. Two of three cases of study included rock-core measurements that enabled the validation of the method. In addition, pressure transient measurements and wellbore resistivity images combined with core measurements enabled the diagnosis of vugs and fractures that significantly contributed to the total porosity and permeability of the composite petrophysical system. Matching of apparent resistivity logs was performed after successive perturbations of porosity and/or permeability when simulating the process of mud-filtrate invasion. These perturbations were used to diagnose presence of secondary porosity and permeability. We introduced a simple graphical procedure to diagnose the individual relative influence of either vugs or fractures on the porosity and permeability of the composite petrophysical system. Permeability estimated from the three case studies was consistent with permeability estimated from pressure transient measurements (which experience shows are representative of the composite petrophysical system). Even though additional testing is necessary to generalize the applicability and reliability of our interpretation method, one of its advantages is the possibility of cross-validating petrophysical estimations performed with conventional interpretation procedures. Specifically, if the simulation of mud-filtrate invasion yields resistivity logs drastically different from measured resistivity logs this condition indicates that the values of porosity and permeability calculated with conventional interpretation procedures are not correct. The availability of a cross-validation procedure to verify petrophysical estimates is by itself an important advantage of the proposed interpretation method.
The interpretation method introduced in this paper requires reliable non-conventional petrophysical information for its implementation, including relative permeability and capillary pressure. These properties are necessary to simulate the process of mud-filtrate invasion, in addition to mud and fluid properties. Sensitivity analyses are recommended to appraise the relative impact of petrophysical properties other than porosity and permeability on the numerically simulated resistivity logs. Our procedure also assumes that mud-filtrate invasion takes place uniformly throughout the investigated rock volume. Because of the latter assumption, our estimated values of porosity and permeability should be regarded as effective medium approximations of the composite petrophysical system. In reality, invasion will preferentially take place through fractures and touching vugs when the latter are present in the invaded rock. Such a preferential flow can have a significant influence on resistivity logs, including the possibility of induced electrical anisotropy in fracture systems that exhibit a predominant fracture direction. Our method neglects biasing effects due to localized electrical-current effects on resistivity logs when estimating porosity and permeability. We suggest that such an anomalous and potentially biasing condition be diagnosed directly from inspection of resistivity logs prior to implementing the proposed interpretation method. It is also possible that numerical simulation and matching of borehole nuclear logs (in addition to the simulation and matching of resistivity logs) could improve the estimation of porosity and permeability. 
